Abstract-Recent advances in solid-state semiconductors and magnetic materials have provided the impetus for high-frequency magnetic-link-based modular medium-voltage power conversion systems, which would be a possible solution to reduce further the weight and volume of superconducting generator-based wind generation systems. To verify this new concept, in this paper, a laboratory prototype of 5 kVA high-frequency magnetic-link modular power conversion system is developed for a scaled down 1.2 kV grid application. The design and implementation of the prototyping, test platform, and the experimental results are analyzed and discussed. It is expected that the proposed new technology will have great potential for superconducting generator-based wind farm applications.
I. INTRODUCTION
O FFSHORE wind farms have attracted considerable interest in recent years due to the following facts: (1) offshore winds tend to flow at higher speeds than onshore winds and this allow turbines to produce more electricity at offshore; (2) unlike onshore winds, offshore breezes can be stronger in afternoons, which match the time when load demands are relatively high; and (3) due to the fact that wind farms can cover large areas of land, e.g., a wind farm consisting of 54 × 3.6 MW turbines could occupy about 20 km 2 of land area, offshore wind farms can save land rental expenses, which is equivalent to 10-18% of the total operating and maintenance costs of a wind farm. According to the statistical data, the global cumulative installed capacity of offshore wind farms in 2008, 2010, and 2012 were 1.50, 3.08, and 5.41 GW, respectively, almost doubled in every two years. It is expected that the global offshore installed capacity will increase to approximately 20 GW by 2015 and rise sharply to 104 GW by 2025. Therefore, grid integration of large-scale wind farm has attracted a high degree of attention in recent years [1] . Although the power rating of wind turbine generators has been increasing rapidly, the voltage rating of the most common generators is in the range of 380-690 V. Therefore, to integrate the scattered wind turbine generators into a medium-voltage grid (e.g., 11-33 kV) before the voltage step-up for long distance transmission, a power-frequency (i.e., 50 or 60 Hz) transformer is commonly used to step-up the voltage. The wind turbine generators are usually heavy and large, especially for offshore applications. For example, a 10 MW permanent magnet direct-drive generator is above 300 t and its diameter is larger than 10 m [2] . The weight and volume of a 0.69/33 kV, 2.6 MVA transformer are typically in the range of 6-8 t and 5-9 m 3 , respectively. A liquid-filled 2 MVA step-up transformer uses about 900 kg of liquid as the coolant and insulator, which requires regular monitoring and replacement. Moreover, insulation materials of transformers introduce environment concerns. For example, according to European requirements, more than 65% of the liquid must be degraded in 28 days. In an offshore wind farm, the generator and transformer are usually installed at a height of about 80 meters inside the nacelle. The heavy and large generator and step-up-transformer significantly increase the weight and volume of the nacelle as well as increase the mechanical stress of the tower. These drawbacks are critical in offshore applications, where the costs of installation and regular maintenance are extremely high. For example, the foundation size of a 2.3 MW wind turbine is 314 m 2 and the approximate weight is 2000 t or more. The installation cost of an offshore wind farm takes up, on average, approximately 20% of the capital cost. Typically, the maintenance cost of an offshore wind farm is about 2.3 cents per kilowatt-hour. Recently, considerable attention has been directed towards reducing the weight and size by using superconducting generators and eliminating step-up-transformers.
II. RESEARCH AND DEVELOPMENT

A. Superconducting Generators
Superconductors are materials which carry almost loss-free electrical currents, when cooled down below their critical temperatures [3] . From 1975 to 1979, a detailed conceptual design study of 300 and 1200 MVA steam turbine generators utilizing superconducting field windings was carried out [4] . The high temperature superconductor (HTS) materials were discovered in 1986 by International Business Machines (IBM) researchers and then gradually improved with a concomitant reduction in cost. Compared with copper conductor, the HTS features very low losses and high current densities [5] . Therefore, a superconductor based compact and lightweight generator may reduce the weight of wind turbine power generation systems. The projected weight of a 10 MW HTS generator is approximately 150-180 t, which is roughly only 50% of that of a permanent magnet direct-drive generator [6] . There are several successful tests of the first generation models and the prototypes of motors and generators using HTS [7] , [8] . In 2005, Siemens developed rotors using superconducting field windings. American Superconductor Corporation (AMSC), in collaboration with Northrop-Grumman, built the world's highest torque HTS motor for the US Navy at 36.5 MW using bismuth based superconductor bismuth strontium calcium copper oxide (BSCCO) wire. This was delivered in 2007. Recently, Sway Turbine and Windtec Solutions have been developing a 10 MW wind turbine generator, which is called the SeaTitan and this is considered to be the world's most powerful turbine. The SeaTitan wind turbine design employs an HTS generator, which is significantly smaller and lighter and expected to be commercially available by 2015 [9] . Therefore, although it is hopeful to significantly reduce the weight and volume of wind generation systems by using HTS generators, they are still heavy and large especially for offshore applications due to the use of heavy and large-size step-up-transformers and line filters.
B. Step-Up-Transformer-Less Direct Grid Connection
To reduce the volume and weight of wind generation systems, elimination of the step-up-transformer and line filter has attracted significant attention in recent years. The modular multilevel cascaded (MMC) converter topology may be the smart choice for the development of multilevel medium-voltage converters [10] . A multi-coil modular permanent magnet generator [11] and a few 6-phase generators [12] were proposed to eliminate the step-up-transformer and line filter of the wind turbine power generation systems. However, these approaches require special modular generators or multiple traditional generators to generate isolated multiple dc supplies for the MMC converter, and introduce electrical isolation problem between generator and grid. Recently amorphous alloy-based high-frequency common magnetic-links were proposed to generate isolated and balanced multiple dc supplies for the MMC converter [13] , [14] . High-frequency common magnetic-link (instead of common DC-link) based 1 kV converters were successfully validated for wind and solar PV power generation systems [15] , [16] . Although the common magnetic-link may ensure equal voltages at the secondary terminals, the topology diminishes modularity of the power conversion system, which is very important for medium or high-voltage high-power system. The implementation of high-power high-frequency inverter is the main challenging issue. Moreover, the leakage inductance may also limit the power capacity of the high-frequency magnetic-link.
In this paper, a new medium-voltage converter is proposed with multiple-cascaded modules for HTS generator-based offshore wind farms, which has the following new features compared with the existing similar systems: (1) no requirement for 6) an overall compact and lightweight system; and (7) an inherent minimization of the grid isolation problem.
III. NEW HIGH-POWER DENSITY WIND GENERATION SYSTEM
In this section, we present the new medium-voltage converter with multiple high-frequency magnetic-links for superconducting generator-based offshore wind farms, which is completely modular in construction. Fig. 1 shows the circuit diagram of the medium-voltage power conversion system, where the available rectified wind power (from HTS generator followed by rectifier circuit) is supplied to a few cascaded modules. Each module consists of a high-frequency inverter, a four-winding magneticlink, and three H-bridge inverters with high-frequency rectifiers. High-frequency inverter converts rectified wind power to a high-frequency ac, which energies the primary coil of the magnetic-link. To ensure a fixed grid voltage, a constant output voltage of the inverter is maintained. Each secondary winding is connected with an H-bridge cell through a bridge rectifier; each H-bridge inverter cell contributes two voltage steps to the output. The grid electrical isolation and voltage unbalance problems are solved through the high-frequency magneticlinks.
IV. DESIGN OF THE PROPOSED POWER CONVERSION SYSTEM
A. High-Frequency Inverter
Full-bridge high-frequency inverters are developed by using Semikron SK30GH123 compact insulated gate bipolar transistor (IGBT) modules to generate high-frequency square wave primary excitation voltage of the high-frequency magneticlinks. Fig. 2(a) shows the circuit diagram of the high-frequency inverter. Fig. 2(b) shows the photograph of the prototype inverter. High-speed PWM controller UC3825BN is used to generate the switching signals. The oscillator of the UC3825BN is a saw-tooth which utilizes two pins; one for the timing resistor R T and the other for timing capacitor C T . Based on the desired maximum duty cycle, D max the timing resistor can be calculated from
Based on the calculated value of timing resistor and desired maximum duty cycle, the timing capacitor can be calculated from
The gate pulses were measured and compared with the simulation results. The measured pulses were found highly consistent with the simulation results.
B. High-Frequency Magnetic-Links
In high-frequency magnetic-link design, the winding electromotive force (emf ) is proportional to the number of turns, frequency, and magnetic flux linking the winding. For a given power capacity, as the operating frequency increases, the required cross sectional area of magnetic core and the number of turns of the primary and secondary windings can be dramatically reduced. On the other hand, the current density within the conductors can change significantly as the excitation frequency increases because of two main factors, skin effect and proximity effect. Fig. 3(a) shows the skin effect loss in a round conductor for various penetration ratios (d/δ). The proximity effect can be classified into two types, internal proximity effect and external proximity effect. Fig. 3(b) shows the power loss in a round conductor due to proximity effect. For a small skin depth and proximity effect, the number of layers as well as the conductor diameter should be kept as small as possible. Moreover, the insulated strands should be twisted or braided together to equalize the flux linkages throughout the conductors. To achieve this so as to reduce the winding loss, a Litz wire with small number of layers should be always used in a high-frequency link. The amorphous alloys have excellent magnetic characteristics for high-frequency applications, such as high permeability, high saturation flux density and relatively low core losses. Of the other amorphous alloys, 2605SA1, 2605S3A, and 2714A, the last one has the lowest specific core loss but its saturation flux density is only 0.57 T [17] , [18] . Taking into account the flux density, specific core loss, cost, and availability, the Metglas 2605SA1 stripe of 20 μm thickness and 25 mm width has been chosen as the core material. The other parameters include mass density of 7.18 g/cm 3 , saturation flux density of 1.56 T, and specific core loss of 180 W/kg at 10 kHz sinusoidal excitation of 1 T. The core losses in the datasheet for this material are experimental results under sinusoidal voltage excitation, where f is the frequency in kHz and B the magnitude of flux density in T. Therefore, for this design new coefficients are obtained by measurements under square voltage excitation. The formula and newly derived coefficients are presented in (3) .
If f is the frequency of the excitation voltage, B m is the maximum flux density and A is the cross-section area of the core, then the number of turns can be calculated from
At the beginning, according to power inverter rating the high-frequency magnetic-link specifications, such as the rated power, frequency, excitation current waveform, and voltage, are calculated. From the specifications of magnetic-link and data sheets of core materials, magnetic-link initial parameters are calculated. These parameters are used as initial values of the optimization process. For structural simplicity, a toroidal structure core is considered. Different factors are considered during the selection of core dimensions, such as the winding dimensions, hole reserve for natural cooling, maximum temperature limits, maximum power loss, availability of core material stripe dimensions, leakage inductance, and possibility to induce equal voltage in multiple secondary windings. Therefore, the design process involves multi-physics problems with some critical decision making tasks. Scaled down prototype of 2.5 kVA high-frequency magneticlinks with single primary and three secondary windings are developed, as shown in Fig. 4 to generate the balanced isolated three dc supplies for three H-bridge inverter cells.
The magnetic field intensity and magnetic flux density are calculated by measuring the primary coil excitation current and the open circuit terminal voltage of one of the three secondary coils. As the coils are uniformly wound on the toroidal core, the magnetic field intensity H and magnetic flux density B within the core can be considered as uniform. By using Ampere's law, the field intensity can be calculated from
where N 1 is the number of turns in the primary coil, i(t) the excitation current, and l e the mean length of the core. By using Faraday's law, the magnetic flux density in the core can be calculated from
where N 2 is number of turns in the pick-up coil and A e the cross sectional area of the core, and V L the pick-up coil voltage. The B-H loops and specific core losses of the high-frequency magnetic-link were analyzed at different excitation frequencies. The plotted B-H loops have been compared with the material manufacturer's data and found highly consistent.
C. High-Frequency Rectifiers
For simplicity, single phase diode rectifiers are considered to convert high-frequency alternating quantity to dc quantity with fast recovery diodes. Each module is associated with a separate rectifier, such that in total six rectifiers are required for a 3-phase 5-level converter. Fig. 5(a) shows the circuit diagram of the rectifiers. The IXYS DSEE15-12CC super fast recovery (25 ns) dual diode module is considered for the development of module rectifier of medium-voltage converter. Fig. 5(b) shows the photograph of the prototype rectifiers with heat sinks. The dc-link voltages were measured and found approximately equal at about 435 V.
If I dc is the output rectifier average current, f s is the source voltage frequency, V dc is the output rectifier dc output voltage, D of f is the diode off time or capacitor discharge time factor, and γ is the ripple factor, then the minimum value of the capacitor can be calculated from
The 3188EE152T400APA1 aluminum electrolytic capacitor is used for the module rectifier circuit. The heat-sink thermal resistance (heat sink to ambient) can be calculated from
were T J is the junction temperature, T A is the ambient (air) temperature, θ JC is the transistor thermal resistance (junction to case), θ CS is the insulator thermal resistance (case to heat sink), and P D is the power dissipation.
D. H-Bridge Inverter Cells
A scaled down 1.2 kV 3-phase 5-level converter is developed, where each phase-leg consists of two H-bridge inverter cells, i.e. two modules in the power conversion system. The dc-link voltage of each H-bridge inverter cell is calculated as 435 V. Considering the market availability, cost and suitability for prototyping, the Semikron compact IGBT modules SK30GH123 have been used for the development of the H-bridge inverter cells. The module consists of four N-channel 1.2 kV IGBTs in H-bridge connection. The Semikron driver SKHI 20opA is a dual driver for the half-bridge inverter cell, which may drive the IGBT with commutation voltage up to 1.2 kV. The Semikron dual IGBT driver isolated power supply SKHI PS1 has been considered. It has the capability to supply energy for up to seven IGBTs with additional transformers. The IGBT module and the driver and protection circuit (with power supply and filtering capacitors of the respective rectifier circuit) are mounted on the top of the heatsink. A field programmable gate array (FPGA)-based control circuit is used to control the magnitude and phase angle, and to ensure the power quality and stability of the converter. The Semikron driver SKHI 20op requires 15 V gate pulses. The generated gate pulses by Xilinx FPGA XC3S500E are 3.3 V and these require stepping-up before feeding to the driver SKHI 20op. Therefore, an extra driver circuit has been designed, as shown in Fig. 6 to interface the FPGA and driver SKHI 20op. The Microchip dual high-speed power metal oxide field effect transistor (MOSFET) driver TC4427A is used to design extra driver circuit. Fig. 7 shows a photograph of the prototype MMC converter. 
V. EXPERIMENTAL TESTING AND RESULTS ANALYSIS
The phase-shifted carrier and third harmonic injected sinusoidal reference based pulse width modulation scheme is used in the simulation and experiment. The line-to-line voltages before the filter circuit are measured and they were found highly consistent with the theoretical and simulation results. The lineto-line voltages before filter circuit are illustrated in Fig. 8(a) . Fig. 8(b) depicts the measured line voltage waveforms after the filter. The line voltage waveforms before filter circuit contains about 19% total harmonic distortion (THD), and after the filter, it is reduced to less than 2.8% and they were found highly consistent with the theoretical and simulation results. Fig. 9(a) shows the simulated line voltages of the proposed system after line filter. Fig. 9(b) plots the measured line current waveforms with the filter circuit. As measured, with the filter circuit, the line current waveform contains about 2.72% THD.
Because of the significant power losses in the 10 kHz inverter, high-frequency magnetic-link, and fast recovery rectifiers, the full load overall efficiency of the proposed system is only 74%, which is in general about 15% lower than that of traditional system. The traditional system however contains a step-up-transformer and a harmonic neutralizing filter, which together produce about 50% of the total losses and occupy up to 40% of the system volume [19] . Therefore, the overall efficiencies of the proposed and conventional systems are similar.
VI. CONCLUSION
A new high-power density wind generation system is proposed for HTS generator based offshore wind farms. The proposed architecture leads to a compact and lightweight design, which may save large amount of installation, running and maintenance costs of offshore wind power generation systems. The proposed system has been validated by a scaled down 1.2 kV prototype system. The same concept can be used to develop the converter for 6-36 kV system by changing the number of modules.
